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Abstract
The approach to CO2 monitoring is maturing as a result of knowledge gained from U.S. DOE NETL-funded, 
research-level CO2 injection demonstration projects, especially the Regional Carbon Sequestration Partnerships. 
These project have demonstrated successful storage of carbon dioxide (CO2) over the test durations. Here we present 
results from remediated and active oil and gas sites to get a better understanding of potential leakage signals, and to 
provide partial analogues for CO2 monitoring best practices. Geochemical sampling of the surface and shallow 
subsurface is attractive for monitoring CO2 storage for three reasons. First it is less expensive to sample the shallow 
subsurface (<1 m to 10s or 100s of meters) than it is to access the deep subsurface (100s of meters or kilometers). 
Second, protection of groundwater for drinking water supply is a key requirement of U.S. and international 
regulations and geochemical sampling is a well-known approach to documenting this protection. Third, the air/land 
surface interface is the horizon used for accounting for leakage from the subsurface to atmosphere in several 
reporting systems. Case studies show that natural processes create dynamic conditions that can mimic impacts from 
deep CO2 injection or obscure a subtle leakage response. Examples include biogenic degradation of methane (CH4) 
that produces CO2 and consumes oxygen (O2), water-rock interactions, and climate change. Additional complexity 
introduced by spatial and temporal changes at oilfield and other developed sites further complicate interpretation of 
shallow subsurface monitoring data. Other examples of induced change, which might suggest CO2 leakage, include 
seasonal variations in chemical analytes due to agricultural activities or increased chloride (Cl-) concentration in 
shallow groundwater that do not appear to be a result of CO2 injection operations. Experience with diverse types of 
monitoring in near surface environments provides a substantive but previously underutilized resource that can help 
guide effective monitoring for CO2 storage. Key lessons are to prepare and budget for the expected spatial and 
temporal complexity that will undoubtedly be encountered during shallow subsurface monitoring in order to extract 
an accurate and unambiguous (i.e. clean) signal for  reporting to stakeholders. 
© 2013 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Although injection for geologic storage takes place at depths of greater than 800 m below ground surface, a broad 
consensus that a geochemical monitoring program conducted in surface and shallow subsurface settings is desirable 
and a best practice has emerged; for example [2]. One reason that sampling of the surface and shallow subsurface is 
attractive for monitoring CO2 storage is shallow (<1 to 100’s of m) wells are less expensive to drill, complete, and 
operate than wells that access the deep subsurface (kilometers). An expectation for monitoring the near surface is 
also responsive to regulatory drivers. Protection of groundwater for drinking water supply is a key requirement of 
U.S. and international regulations, so that geochemical sampling of water resources is a simple and direct approach 
to documenting this protection and has been developed in regulation [3]. Accounting for leakage from the 
subsurface to atmosphere, a needed input in greenhouse gas reporting systems commonly use the air/land surface 
interface as the horizon used for reporting, so making measurements in soil or air near the interface appears at first 
consideration to be a simple and low-cost way of meeting these objectives [4]. 
A review of diverse types of near surface monitoring shows that the expected complexity of the these systems is 
high. Complexity includes spatial and temporal variability in natural processes that could either mimic or mask 
leakage signal. Natural near-surface systems vary daily and seasonally, which adds noise to all measurements. 
Further complexity is introduced by systematic changes in response to hydrologic, land-use, or climate forcing. Such  
variability is more difficult to detect and more difficult to remove. A large source of complexity is created by land 
use. Past practices such s agriculture, irrigation, construction of roads and ditches, pipeline trenches, infrastructure 
and fluid releases have changed near surface conditions in past decades. In many cases fluid chemistries may still be 
out of equilibrium. Industrial sites, such as oilfield may be particularly far out of equilibrium [5] Even remediation 
of past harmful practices can induce a transient signal, which as we will show can mimic a leakage signal.  
Examination of the outcomes of various types of near-surface monitoring, loosely related to situations that would 
be encountered should a leak to surface occur during CO2 storage, can provide guidance to develop realistic 
expectations from near surface monitoring. Realistic expectations can lower costs and increase success of geologic 
storage monitoring programs. 
2. Background and data collection methodologies 
The cases reviewed here come from experience with previous projects where we were called upon to provide 
forensic near surface monitoring. In most cases, a complaint had been made that damage had occurred, either to 
water or to people. In other cases, we had the opportunity to conduct a survey using different types of near surface 
monitoring tools. The examples are not intended to be statistical, rather the complexity encountered is valuable in 
terms of designing monitoring plans for geologic storage. Some locations may remain in litigation or be otherwise 
sensitive to stakeholders, so locations and details are suppressed. This study is not intended to reopen old cases. 
3. Site descriptions – multiple oilfield sites 
In each of these case studies we briefly review the purpose of the near surface geochemistry assessment, the 
sampling strategy used, the observations made, the interpretation and uncertainties of the geochemical signal 
detected, and the implications of these observations for monitoring at geologic storage sites. 
3.1. Oilfield contamination of private water well 
In an historic oilfield, leakage from a crude oil tank battery seeped into groundwater and was produced in a 
domestic water well, resulting in a complaint that had to be investigated. We drilled over 30 shallow boreholes to 
define a crude oil plume floating on top of an unconfined, perched aquifer at ~5 m depth. This was followed by 
measurement of soil gas concentrations in vadose zone. The method was to suspend a soil probe just above the water 
level while sealing the top of the borehole, then utilizing an onsite mobile laboratory equipped with a gas 
chromatograph. We observed high concentrations of CH4 and CO2, and low oxygen (O2) in vadose zone gas samples 
collected over a ~0.02km2 area. Concentrations were 0.01-98%, median=4.3% CH4 (Fig. 1) 0.8 to 10%, 
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median=2.6% CO2 (Fig. 2) and 1.9 to 17.1%, median=11.8% O2 (Fig. 3). We interpreted decreased O2 and elevated 
CO2 relative to atmospheric concentrations as a result of oxidation (probably aided by microbes) of CH4 that had 
volatilized from the oil plume. 
The zone of high CO2 concentration observed over the oil plume is significant to CO2 monitoring plan design in 
that it documents CO2 generation in a location where there was no leakage from depth. This is a factor that should 
be considered at any site where significant hydrocarbon handing has occurred in the past (oilfield, plants, pipelines). 
The variable concentration at a local site with a well-defined oil plume is a warning about the potential for failing to 
detect anomalies in a “base line” preinjection study. Time-lapse monitoring could intersect the CO2 plume as it 
evolved, and create a change mimicking leakage of CO2 from depth.  
Fig. 1. Data locations and contoured vadose zone methane concentrations shown on shaded extents of oil and methane. 
Fig. 2. Data locations and contoured vadose zone CO2 concentrations shown on shaded extents of oil and methane. 
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Fig. 3. Data locations and contoured vadose zone O2 concentrations shown on shaded extents of oil and methane. 
3.2. High TDS shallow groundwater over a coastal oilfield 
“Baseline” groundwater surveys were conducted over two active oilfields prior to development for CO2 enhanced 
oil recovery. Multiple existing water wells were sampled from depths of 50 to 250 ft, and a comprehensive suite of  
field parameters, major and  minor dissolved elements, and dissolved gasses were assessed. The oilfields are in a 
low-lying coastal region near the Gulf of Mexico. Samples of fresh groundwater and reservoir zone brine were 
collected at both oilfields with major ion concentrations plotted on a simple Piper diagram (Fig. 4) Fresh water 
samples from one of the oilfields are distinct from reservoir brine (red symbols in Fig. 4), while freshwater at the 
other site appears to have been impacted (blue symbols in Fig. 4).  
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Fig. 4. Piper plot of water samples taken from freshwater aquifer and and reservoir brine over two active oilfields. One oilfield is represented by 
blue symbols and the other by red symbols. 
In addition, total dissolved solids (TDS) concentrations in freshwater over the second (blue symbols) oilfield 
(n=11; range=1,031-3,263 milligrams per liter (mg/L); median=1,778 mg/L) far exceeded regional values (n=55; 
range=376-1,217 mg/L; median=634 mg/L) measured in the same aquifer outside the oilfield area. However, ratios 
of radiogenic strontium (Sr87/86) from samples of shallow groundwater over the oilfield, of oilfield brine, and an 
average seawater value show a consistent match of groundwater to seawater Sr87/86 (Fig. 5) Without the Sr87/86
analysis, we would have interpreted the most likely source of elevated salinity as related to the oilfield, because of 
the coincidence in pattern. The suggestion of salt-water intrusion as the source of high TDS has important 
implications for the dynamics of the natural processes of the system. Additional study is needed, but the potential of 
episodic, storm driven impact on groundwater is suspected. 
An increase in groundwater total dissolved solids TDS could provide a false allegation for deep formation brine 
having been displaced by injected CO2. Such a signal could come from legacy oilfield brine disposal operations or, 
in coastal areas, salt-water intrusion; we have seen evidence of both.  
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Fig. 5. Ratio of radiogenic isotopes of strontium (Sr) versus Sr concentration of freshwater and oilfield brine samples from oilfield (blue symbols 
in Fig. 4), and average seawater values. Still need to sample water from Gulf of Mexico.  
3.3. Explosion resulting from natural gas pipeline leak 
We investigated a rural site where a natural gas pipeline had been found to be leaking after a private residence 
exploded. Fortunately, no one was seriously injured. Our investigation took place over a year after the pipeline and 
all evidence of surface damage had been removed. The approach was to drill small-diameter boreholes and measure 
vadose zone gas concentrations of CH4, CO2, and O2. We defined elevated CH4 concentrations (range = 0.18-1.63%; 
median = 1.15%) by drilling 10 boreholes to ~3 m within an ~0.01 km2 area. Concentrations of CO2 (range=9.2-
13%, median=11.45%) and O2 (range=0.7-4.5%, median=1.35%) within the area of elevated CH4 concentrations  
are shown in Fig. 6 and Fig. 7. Again, indications were that CH4 had been biogenically degraded to produce CO2;
this process consumes O2. This is another example of the importance of understanding legacy issues and fully 
characterizing a site before CO2 injection. If subsurface CO2 storage were to take place in the vicinity of this site, the 
pattern of elevated CH4 and CO2 could cause false alarm and require further investigation to disprove CO2 leakage. 
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Fig. 6. Data points and contoured concentrations of vadose zone CO2 overlain on footprint of elevated  methane. Note former locations of house 
that exploded (X), and natural gas pipeline. 
Fig. 7. Data points and contoured concentrations of vadose zone O2 overlain on footprint of elevated  methane. Note former locations of house 
that exploded (X), and natural gas pipeline. 
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4. Conclusions 
Shallow subsurface monitoring has been conducted for many purposes for long periods of time. Here we 
document cases where high CO2 concentrations or elevated TDS could mimic leakage occurring from a deep 
reservoir to the surface as a result of CO2 injection. At many monitored sites, we observe high spatial and temporal 
variability, so that characterization and assessment of the signal needs to be intensive and conducted over a long 
time period. We document the need for substantive investment to determine the cause of the changes observed. 
We suggest that many proposed monitoring plans for near surface monitoring of CO2 geologic storage sites do 
not anticipate an appropriate level of complexity. Plans have been proposed to simply sample CO2 concentrations or 
proxy constituents (e.g. brine) over time without fully understanding complex, dynamic settings. The expectation is 
that if no change is observed, it can be interpreted as representing “no leakage”. Over-simplified expectations are a 
risk to CO2 storage projects. If unexpected changes similar to those described in the cases presented here are 
observed, stakeholder or regulator anxiety will be raised, project monitoring costs will escalate, and the project 
could even be stopped. 
We recommend that any near surface monitoring planned for a CO2 geologic storage site should be grounded in a 
deep and substantive assessment of ambient, induced, and future variability of the current system. An anticipated 
leakage signal should be predicted based on modeling that includes pre-injection site variability. Follow-up 
assessment of the signal, using methods similar to those described in this review, should be planned and budgeted so 
that detections mimicking leakage can be properly attributed. A related activity (not described in this study) is 
providing assurance that the monitoring plan can be effective in detecting any leakage.  
Unanticipated variability can significantly increase the cost of near-surface monitoring, as well as raise questions 
about how to obtain a clean signal. Realistic expectations will benefit CO2 storage projects by allowing optimization 
of cost and assessing benefits of each monitoring component.  
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